This paper presents the concept of magnetic functional integrated DC motor drive. It uses the field winding of a wound-field DC motor as the inductor of its drive circuit. The field winding in a wound-field DC motor not only builds the required magnetic field for the electric-mechanic energy conversion, but also acts as the inductor to buffer the energy for the drive circuit. One magnetic component is shared to realize different functions for motor and its drive circuit, simultaneously. The weight, loss and cost of the drive system can be reduced due to the saving of extra bulky inductors for the drive circuit. This concept can be applied to all DC-DC drive circuits using inductor as its energy buffer. An example of magnetic functional integrated DC motor drive using the buck-boost converter is used to explain the concept in detail. The feasibility and the new features are verified experimentally by comparing with the conventional motor drive.
I. INTRODUCTION
Due to its robustness, low cost and wide torque-speed range, the wound-field DC motor drive has found a lot of applications in home appliances, power tools and electric vehicles etc. In order to improve the competitiveness of the DC motor drive in the market, it is necessary to further reduce its costs, increase its power density and efficiency. The integration techniques of motor and its drive circuit are attractive approaches to realize these goals. The electric machine and its drive circuit should work as a closely cooperated team to realize the high-performance motor drive. Existing research on integrated motor drive can be catalogued into the physical integration and the information integration:
In the physical integration [1] - [5] , the motor and its drive circuit are packed in a single enclosure. The motor and its drive circuit can use the same heat sink, and the cable between them can be eliminated. Therefore, the power density and the cost can be improved. If we consider the electric machine and its drive circuit as a ''team'', the physical integration offers the space for them to work together.
In the information integration, the drive circuit directly detects the motor on-line information by measuring its terminal voltage or current. The motor information obtained The associate editor coordinating the review of this manuscript and approving it for publication was Dušan Grujić . by information integration includes motor position [6] - [8] , inertia [9] , [10] , inductance [11] , [12] , fault status [13] - [15] etc. It eliminates the requirement of additional sensors, thus reducing the cost and the volume. The on-line information can also be used to improve the drive performance. The information integration offers direct communication options for the ''team''.
Besides the space and the communication, resource sharing is another key feature for a closely cooperated team. By sharing, different team members can use one same resource to fulfill their different requirements in the work, therefore the cost and the resource required can be reduced. A well-known technology involving resource sharing between power converter and motor is the integrated on-board charger for electric vehicle [16] - [20] . When charging the battery, the motor winding is reconfigured as the inductor in the on-board battery charger circuit to buffer the energy. After charging completes, the motor winding is connected with motor drive circuit and functions as the armature. From the viewpoint of the charger application, the integrated charger technology is very attractive. By sharing the motor winding, extra inductor can be saved for the on-board charger circuit, thus reducing the costs and the space requirements. From the viewpoint of integrated motor drive system, the following conclusion can be drawn for the integrated on-board charger:
1) The on-board charger circuit is used to charge the batteries in the vehicle. It is not used to drive the motor. Therefore, it cannot be called an integrated motor drive system.
2) During the charging, the motor winding is connected to the charger circuit. While during the vehicle steering, it is connected to the motor drive circuit. The power converter and the motor cannot share the motor winding, simultaneously.
(3) To realize the resource sharing, extra switches are needed to connect the motor winding with different system.
In this paper, the concept of magnetic functional integrated DC motor drive is proposed. With this concept, the field winding in a wound-field DC motor not only builds the required magnetic field for the electric-mechanic energy conversion, but also acts as the inductor in its drive circuit to buffer the energy. Simultaneously, one magnetic component is shared to realize two different functions for the motor and its drive circuit. The motor and its drive circuit are closely coupled together on the magnetic function level. In engineering practice, additional heavy bulky inductors can be saved for the drive circuit by magnetic functional integration. The cost, the efficiency and the power density of the drive system can be improved. Comparing with existing integration technique [16] - [20] based on the resource sharing concept, the proposed concept has the following features:
1) The motor winding is shared between the motor and its drive circuit. The resource sharing is realized for a motor drive system.
2) Simultaneously, the motor winding realizes the magnetic field exciting function for the motor and the energy buffer function for its drive circuit.
3) The topology of the motor drive doesn't need any modification during the operation because the shared component realizes different functions for the motor and its drive circuit at the same time. Therefore, no extra switches are required for reconnection of the motor windings and of course the switching process is eliminated.
In the following sections, the concept of magnetic functional integrated DC motor drive is introduced, then it is further explained by an example of a wound-field DC motor drive using buck-boost converter, the feasibility and the new features of the proposed concept is finally verified experimentally by comparing with the conventional drive.
II. MAGNETIC FUNCTIONAL INTEGRATED DC MOTOR DRIVE
Magnetic components are key passive components in motor drives. For the wound-field motor, the field winding is used to build the magnetic field, which is essential for electric-mechanic energy conversion. For the drive circuits, the inductors act as the energy buffers, and play an important role in transforming the electric energy into different forms. Fig. 1 shows the diagram of a conventional DC motor drive. The drive circuit with independent inductors is used to regulate the motor terminal voltage. The field winding, which is used to build the magnetic field in the motor, is connected with the armature winding in either series, parallel or compound style. The interaction between armature current and the magnetic field converts the electric power into the mechanic power, or vice versa. However, in the DC motor and its drive circuit, the magnetic components are bulky and heavy; they are also the key sources of the copper losses, and of course needs extra costs. In order to improve the motor drive performance, it is necessary to optimize these magnetic components.
Whether the inductor in the drive circuit or the field winding in the motor, their electromagnetic characteristics are similar, it is potential to use one component to realize the required functions for the motor and its drive circuit, simultaneously. Fig. 2 shows the concept of magnetic functional integrated DC motor drive. With this concept, the self-inductance of the field winding acts as an energy buffer for the operation of the drive circuit. At the same time, the mutual inductance between the field winding and the armature winding is utilized to build the magnetic field for the motor. The differences between the conventional motor drive and the proposed magnetic functional integrated motor drive are summarized in Table 1 . The field winding is connected to the drive circuit via another set of motor terminals, which is used for magnetic functional sharing. This is different from the conventional motor drives, as their field winding and armature winding are connected in either series, parallel or compound style, and the drive circuit are only used to transfer the power to the motor. The magnetic functional integrated drive exploits motor field winding function for drive circuit, thus extra bulky inductor in the converter can be saved. It reduces the cost, the weight and the loss of the drive system.
In conventional motor drive, additional inductor is required for the drive circuit. With the magnetic functional integration, the motor field winding is shared between the drive circuit and electric machine to realize the inductor function and the motor magnetic field building function, simultaneously. Additional bulky heavy inductor of the drive circuit can be saved. So the weight, the volume, the costs and the losses of the additional inductor are eliminated. It leads to higher power density, higher efficiency and better performance/cost ratio for the drive system. Since the component number is reduced, the reliability of the drive system is also improved.
Besides, extra coupling path is also added between the drive circuit and the motor. In conventional motor drive, only the output of the drive circuit is coupled to the terminal of the electric machines. Since it is used to transfer power, we can call it the power coupling. While in the magnetic functional integrated drive, another coupling path is presented, it is used to share the field winding to realize different magnetic functions for the drive circuit and the electric machine, simultaneously. It can be defined as the magnetic coupling. The magnetic component determines the characteristics of the drive circuit and the electric machine. The additional magnetic coupling path results in the variance of the motor drive system model, thus changes the system characteristics.
Since the field winding is part of the drive circuit, the ratio between the field current and the armature current is determined by the duty cycle of the drive circuit. The drive circuit can reallocate the field current and the armature current dynamically. At steady state, it will impact the torque-speed output capability. At transient state, it will impact the system dynamic response. While for the conventional DC motor drives, the ratio between the field current and the armature current depends on the fixed connection style (series, parallel or compound) of the field winding and the armature winding.
The magnetic functional integration will also bring more challenge to the system design. In conventional motors, the allocation of the field current and the armature current depends on the field/armature winding connection style. And the conventional DC motors are optimally designed for the specific current allocation. However, in magnetic functional integrated drive, the current allocation varies with the duty cycle of the drive circuit. Therefore, for optimal operation, the DC motor must be designed considering the dynamic current allocation of the drive system.
III. EXAMPLE: MAGNETIC FUNCTIONAL INTEGRATED DC MOTOR DRIVE USING BUCK-BOOST CONVERTER
This concept can be applied to all the DC-DC converters using inductor as the energy buffer, such like buck converter, boost converter, bi-directional converter and isolated DC-DC converter, etc. Thus there should be a family of magnetic functional integrated DC motor drives with different DC-DC front end topologies. In order to further explain the concept, the following sections focus on an example of magnetic functional integrated DC motor drive using buck-boost converter, the operation principle is illustrated first, then the steady state characteristics of the drive system is analyzed in detail. The advantages of the magnetic functional integrated DC motor drive and the correctness of the steady state analysis are demonstrated via the experiment comparison with the conventional DC motor drive.
A. OPERATION PRINCIPLE
The magnetic functional integrated DC motor drive using buck-boost converter is shown in Fig. 3 , in which the field winding of the brushed DC motor is used as the inductor of the buck-boost converter. Comparing with the corresponding conventional motor drive in Fig. 4 , an extra inductor can be saved.
The idealized waveforms of magnetic functional integrated DC motor drive using buck-boost converter are shown in Fig. 5 . At continuous conduction mode, When the active switch of the buck-boost converter is turned on, the diode is turned off. The input voltage V in is applied across the field winding, and the field current rises. When the switch is turned off, the diode is turned on. The field winding voltage is the negative output voltage −V out . For the buck-boost converter, the leakage flux of the field winding varies with the field current due to its self-inductance. The field winding acts as the energy buffer, the energy is stored or released according to the switch status. For the DC motor, the field winding builds the air-gap magnetic field, the excitation flux varies with the field current due to the mutual inductance between the field winding and the armature winding. The induced excitation flux interacts with the armature current, producing the electromagnetic torque in the DC motor.
The operation principle of the proposed functional integrated drive is different from the conventional one in Fig. 4 . In conventional drive, there is only power coupling between the DC motor and its drive circuit. The field winding and the armature winding are connected in series, so the field current equals to the armature current. Besides, only the mutual inductance of the field winding is utilized, extra inductor is required for the buck-boost converter. While for the magnetic functional integrated drive, both the power coupling and the magnetic coupling exists. The field current and the armature current are reallocated by the buck-boost converter. And the self-inductance and the mutual inductance are used as the converter energy buffer and the motor field exciter, respectively. In order to reveal the underlying theory of the magnetic functional integrated drive. It is necessary to derive its analytical steady state model.
B. STEADY STATE ANALYSIS
The steady state analysis for the magnetic functional integrated DC motor drive using buck-boost converter is based on the following assumptions. With these assumptions, simplified equations could be derived to clearly describe system behaviors, and it can also be used to quickly evaluate the drive performance.
(1) The switch, the diode and the capacitor are ideal component. (2) The resistance of the field winding and the armature winding is zero, and the iron loss of the machine is ignored.
(3) The commutation of the brushed DC machine is ideal. The armature reaction is neglected.
The field winding builds the magnetic field, the corresponding armature flux linkage can be expressed as
where, L af is the mutual inductance between the armature winding and the field winding, I f is the average field current. Neglecting the armature resistance, the induced armature voltage is
where, V a is the average armature voltage, w r is the rotor speed. Besides, the field winding is also used as the inductor of the buck-boost converter. At steady state, the following equations can be obtained [21] .
where, I a is the average armature current, V a is the average armature voltage, D is the duty cycle and V in is the input voltage. The electromagnetic torque of the DC brushed machine can be represented as
Substitute (2-5) into (1), the torque-speed characteristic for the magnetic functional integrated DC drive can be obtained as (6),
The torque-speed capability varies with the duty cycle. When the duty cycle satisfies (7) , the torque-speed characteristics is the same as the DC series motor. A wider torque-speed range can be obtained using duty cycle D larger than 0.618.
Similar analysis approaches can also be applied to magnetic functional integrated DC drive using other DC-DC converter topologies.
With similar method, the torque-speed characteristic for conventional DC drive can also be derived as (8) .
The torque speed range is proportional to T e w 2 r . Its minimum is 0 when D is 0. Its maximum depends on the maximum duty cycle D max , which is determined by the maximum voltage V smax of the switch and the diode in buck-boost converter. It can be expressed as
Substitute (9) into (6) and (8), the maximum of T e w 2 r can be derived for the conventional scheme and the proposed scheme, as shown in (10) and (11) respectively.
For a buck-boost converter, the V smax is always larger than V in , therefore T e w 2 r in the proposed scheme is reduced by V smax /V in times comparing with the conventional drive.
In conventional motor drive analysis, the drive circuit controls the power flow into the motor by regulating its terminal voltage. The terminal voltage is the only interface when analyzing the couplings between drive circuit and the motor. However, for the proposed integrated DC motor drive, there is an extra magnetic coupling. The field winding is not only used for the field excitation, but also acts as the energy buffer for the drive circuit. The conventional method based on the terminal voltage is not enough for analyzing the magnetic functional integrated motor drive.
In the motor drive system, whether the drive circuit or the motor, their final design goal is the torque-speed output capability. Considering the power coupling and the magnetic coupling in the proposed magnetic functional integrated motor drive, it is suitable to choose torque and speed as the interface for analysis.
By reorganizing (1)-(4), the average field current and the armature current can be expressed as functions of torque and speed,
Due to the magnetic coupling, the field current and the armature current are reallocated according to the motor output power ω r T e . While the conventional DC series motor is designed regarding the armature current equals to the field current. (12) and (13) implied that for the optimized performance of the magnetic functional integrated drive, the conventional DC series motor design should be revised according to the reallocation of the currents.
The field winding leakage flux linkage is essential to evaluate its energy buffer functionality, it can be calculated as (14) . The average motor field flux linkage can be represented as (15) . Where L f is the field winding self-inductance.
The buck-boost converter average output voltage can also be expressed as a function of torque and speed, as shown in (16) .
C. EXPERIMENTAL RESULTS
In order to demonstrate the advantage of the proposed integrated drive and verify the analytical solution at the steady state, two motor drive prototypes are implemented. One is the proposed magnetic functional integrated drive, in which the field winding is shared as the inductor for the drive circuit. While the other one is the conventional drive, in which an extra 7mH, 0.064ohm inductor is used in the drive circuit. The experimental platform is shown in Fig. 6 . The DC power supply is used as the input for the DC motor drive circuit. The Agilent-33250A waveform generator is used to generate PWM signal for the drive circuit. The armature current and the field current (or inductor current) are measured with two Fluke-i30s current probes. The results are recorded by RTB2004 oscilloscope. The motor for the test is designed as a brushed DC series motor, its parameters are shown in Table 2 . The experimental comparisons of the field current and the armature current at rated condition are shown in Fig. 7 and Fig. 8 . In conventional drive, the field current equals to the armature current as the field winding and the armature winding are connected in series. While for the magnetic functional integrated DC drive, the field current is 1/(1-D) times of the armature current. The buck-boost converter allocates them dynamically because the field winding is used as an energy buffer for the converter. The output voltage of the buck-boost converter is shown in Fig. 9 . The current and voltage ripples in the experimental results are introduced by the armature back-EMF harmonics. When the brush of the motor slides between the two neighboring commutators, the neighboring armature windings are connected and disconnected periodically, thus generating the armature back-EMF harmonics. The amplitude of the generated back-EMF is proportional to the magnetic field. The motor in the test is a DC series machine, it is optimally designed considering the field current and the armature current are equal. However, for the proposed scheme, the field winding current is larger than the armature current due to the operation of buck-boost converter. Regarding the current results of the proposed scheme in Fig. 7 , the magnetic field is already saturated, it is stronger than that in the conventional drive. Therefore, for this specific machine, amplitude of the back-EMF introduced by the commutation in the proposed scheme is higher, thus generating higher current ripples. In practice, the motor using the proposed method should be optimally designed considering the reallocation of the field current and the armature current.
The average voltage and current can be calculated based on the experimental waveform in Fig. 8 and Fig. 9 . The results are compared with the analytical solution obtained with (7) , (8) and (11) , as shown in Table 3 . The analytical solution is verified by the experiment results. The errors are induced because the resistances of the windings are ignored when deriving the average steady state analytical solution. For preliminary designs or qualitative analysis, this error is acceptable. One can use these solutions to have a quick evaluation of the drive performance.
From Fig. 7 and Fig. 8 , the copper loss at rated condition can also be calculated. For functional integrated drive, it is 78.8W, while for the conventional one, it is 117.4W. The copper loss is reduced by 32.9% with proposed method. In order to further demonstrate the efficiency improvement, the copper losses are measured along the rated torque-speed curve at different speed. The experimental results are shown in Fig. 10 . Due to the saving of extra inductors, the magnetic functional DC drive has lower losses than the conventional drive around the rated speed. It should be noted that the wound-field DC series motor in the test is optimally designed considering the field current equals to the armature current. However, for the magnetic functional integrated DC drive, the field current and the armature current are reallocated by the duty cycle. This may lead to the saturation of the DC motor, and introduce more core losses and copper losses. If the motor can be designed considering the current allocation of the magnetic functional integrated DC drive, even lower losses can be expected. Experiment comparison is also conducted to verify the impact of maximum device voltage on the torque-speed range. Considering the motor output capability, the maximum device voltage is set to 20V, which corresponds to the duty cycle 50%. During the test, the duty cycle is fixed to 50%, the torque-speed curve is measured by adjusting the load torque. The results are shown in Fig. 11 . The experiment results verified that the torque-speed range is reduced with the proposed method. The errors between the theory results and the experiment results are caused by the following reasons: 1) At the high torque region, the motor current is high. It will lead to the saturation of the motor and decreases its mutual inductance L af . Considering (6) and (8), the torque will be underestimated comparing with the actual output.
2) The copper loss and core loss are not considered in (6) and (8) . These losses will consume power and reduce the actual torque output. This is the main cause for the errors at the high-speed region. Although the torque-speed range is reduced, the cost, the losses and the weight of the proposed magnetic functional integrated DC drive system is improved. Fig. 12 shows the comparison of cost, weight and copper loss for the magnetic functional integrated DC drive and the conventional drive. The cost is reduced by 25%. The weight is reduced by 79%. The proposed magnetic functional integrated drive not only offer a new option in integrated motor drive research area, but also improves performance-cost ratio of DC drives. It is expected to see more and more application of this concept in market.
IV. CONCLUSION
This paper proposed the concept of magnetic functional integrated DC motor drive. With this concept, the field winding is not only used to build the magnetic field for the wound-field DC machine, but also acts as the inductor for its drive circuit. One magnetic component is used to realize different functions for the wound-field DC motor and its drive circuit, simultaneously. Comparing with the conventional drive, extra inductor for the drive circuit can be saved. Therefore, additional costs, losses and weight of extra inductor can be eliminated. To further explain the concept, an example of magnetic functional integrated DC motor drive using buckboost converter is presented. Its features are demonstrated by comparing with the conventional drive via the experiments. Although the torque-speed range is reduced, the proposed magnetic functional integrated DC drive using buck-boost converter can reduce the costs, the losses and the weight of the drive circuit dramatically.
It should be noted the magnetic functional integrated DC motor drive concept can be applied to all the DC-DC drive circuits using the inductor as the energy buffer component. Based on the concept, it is obvious that several kinds of magnetic functional integrated DC motor drive can be derived. The detailed analysis, optimal design method and other magnetic functional integrated drive topologies will be presented in future papers.
